The cell expansion phase contributes in determining the major characteristics of a fleshy fruit and represents two-thirds of the total fruit development in tomato (Solanum lycopersicum). So far, it has received very little attention. To evaluate the interest of a genomic scale approach, we performed an initial sequencing of approximately 1,200 cell expansion stage-related sequence tags from tomato fruit at 8, 12, and 15 d post anthesis. Interestingly, up to approximately 35% of the expressed sequence tags showed no homology with available tomato expressed sequence tags and up to approximately 21% with any known gene. Microarrays spotted with expansion phase-related cDNAs and other fruit cDNAs involved in various developmental processes were used (1) to profile gene expression in developing fruit and other plant organs and (2) to compare two growing fruit tissues engaged mostly in cell division (exocarp) or in cell expansion (locular tissue surrounding the seeds). Reverse transcription-polymerase chain reaction analysis was further used to confirm microarray results and to specify expression profiles of selected genes (24) in various tissues from expanding fruit. The wide range of genes expressed in the exocarp is consistent with a protective function and with a high metabolic activity of this tissue. In addition, our data show that the expansion of locular cells is concomitant with the expression of genes controlling water flow, organic acid synthesis, sugar storage, and photosynthesis and suggest that hormones (auxin and gibberellin) regulate this process. The data presented provide a basis for tissue-specific analyses of gene function in growing tomato fruit.
After ovule fertilization, early tomato (Solanum lycopersicum) fruit development is characterized by a period of cell division followed by cell expansion, resulting in the formation of large vacuolated cells (Mohr and Stein, 1969) . Cell expansion is the longest phase in fruit development and may contribute to 90% of the increase in fruit weight, depending on the cultivar. In addition, cell expansion contributes, along with ripening, to the major structural, biochemical, and physiological changes that characterize a fleshy fruit. The cell wall changes associated with cell enlargement and the continuous accumulation in the vacuole of water, sugars, organic acids, and other compounds are necessary to maintain the turgor pressure of the expanding cells. In addition, these physiological processes contribute significantly to the flavor, texture, and overall attractiveness of the ripe fruit. The succession of the different phases of tomato fruit development is not, however, as clear cut as described above. It varies greatly according to the fruit tissue considered (Joubès et al., 1999) . Tomato fruit is a complex organ composed of two or more carpels separated by a radially orientated tissue called septum, which results from the fusion of two adjacent carpel walls (or pericarp). The pericarp encloses the locular cavity containing the seeds attached to a central parenchymatous axis or columella (for review, see Gillaspy et al., 1993) . After successful fertilization of the ovules, the peripheral part of the columella, or placental tissue, develops into a tissue (called locular tissue or gel) that will eventually surround the seeds and fill the locular cavity. During the early stages of the cell expansion phase, the outer pericarp cell layers continue to divide and are thus composed of small cells, while the inner pericarp cells undergo a large expansion. Similar cell enlargement occurs in the locular tissue, which acquires a jelly-like appearance in the ripening fruit (Varga and Bruinsma, 1986) . While absent from the fruits of some Solanaceae crop species bearing fleshy berries (e.g. eggplant [Solanum melongena] or pepper [Capsicum annuum]; see Knapp, 2002) , tissues with a similar jelly-like appearance are also found in other prominent edible fleshy fruit species belonging to very diverse taxa, such as grape (Vitaceae). Interestingly, the amount of gel is comparatively much higher in the juicy, highly flavored, and highly seeded cherry tomato fruit, which is more closely related to the ancestral progenitor of tomato (Tanksley, 2004) , than in the modern cultivated tomatoes. Domestication and ongoing tomato breeding efforts resulted in the strong development of the flesh, which is mostly composed of the carpel walls and columella in the modern tomato cultivars (Tanksley, 2004) . Thus, fruit anatomy and tissue characteristics (proportion of large versus small cells and cell composition) will clearly have an influence on the overall characteristics of the ripe fruit. Since most of the studies to date have focused on the entire fruit or on the carpel wall, how the different fruit tissues contribute to fruit growth and affect fruit quality remains poorly understood. There are nevertheless some indications of early tissue specialization in the fruit, since structural and biochemical changes such as cell size (Mohr and Stein, 1969; Gillaspy et al., 1993) , endoreduplication level (Joubès et al., 1999) , photosynthesis (Laval-Martin et al., 1977; Meier et al., 1995) , starch accumulation (Schaffer and Petreikov, 1997) , cell wall polysaccharides (Cheng and Huber, 1996) , and flavonoid composition (Muir et al., 2001) show great variation among the different fruit tissues. These data suggest coordinated expressions of genes with specific roles in the control of growth and regional differentiation in the various tissues of the developing fruit.
New genes encoding proteins involved in fruit traits determined during early fruit development, such as morphology (ovate regulatory protein; Liu et al., 2002) , size (FW2.2 repressor of cell division; Frary et al., 2000) , or solid soluble content (LIN5 cell wall invertase; Fridman et al., 2000) , have been identified through genetic analyses of natural tomato diversity (Tanksley, 2004) . A wide range of tomato fruit mutants are available in the existing resources of induced tomato mutants (Menda et al., 2004) . However, identification through a direct genetic approach of most of the genes underlying the fruit phenotypes will probably await completion of the tomato genome sequence. On the other hand, reverse genetic approaches for studying early fruit development await the identification of candidate genes. Based on studies on Arabidopsis (Arabidopsis thaliana) fruit, a dry dehiscent silique, likely candidates for fruit morphogenesis and development have been identified and studied in the tomato fruit context (Ferrandiz et al., 1999; Giovannoni, 2004) . In addition, new candidate genes with functions more specific to fleshy fruit development and regulation should be identified. Gene expression profiling, widely used for evaluating genetic or environmental effects on plants, is a proven tool for gene discovery (Schnable et al., 2004) . The transcriptome approach is particularly useful when applied to specific tissues or cells, where it allows discovery of new genes and comprehensive analysis of gene function (Leonhardt et al., 2004) . The recent large-scale tomato expressed sequence tag (EST) sequencing projects have provided approximately 184,000 ESTs, among them approximately 37,000 fruit ESTs, enabling expression profiling of fruit development (Van der Hoeven et al., 2002; Alba et al., 2004 ) and identification of candidate genes for targeted functional analysis in planta. Previous studies in our laboratory (Joubès et al., 1999) and from others have shown that the transition from cell division to the cell expansion period, which typically occurs at 7 to 14 DPA, is crucial for fruit development. However, in the tomato EST databases, only approximately 4,000 immature green fruit ESTs cover the 5 (cell division) to 35 DPA (approximately mature green stage) period, i.e. 60% to 70% of the total length of the fruit development period. In comparison, approximately 10,000 ESTs from ovary/carpel ,5 DPA and approximately 23,000 ESTs from ripening fruit are present in the tomato EST databases and are available for studies of the cell division and ripening phases of tomato fruit.
We undertook the identification of genes expressed in early developing tomato fruit (transition from cell division to cell expansion, and cell expansion phase) and compared their expression in two tissues with contrasted developmental fates: (1) exocarp (mostly dividing cells) and (2) locular tissue (large cells accumulating water and storage compounds). Here, we demonstrate that new targeted EST analyses of selected stages of early fruit development (8, 12, and 15 DPA) can reveal up to 35% of new transcripts not previously identified in tomato. Using DNA microarrays and RT-PCR, we further show that different tissues from expanding fruit indeed have distinct and characteristic gene expression programs associated with tissue specialization. The analyses of these differences in gene expression patterns provide insights into the programs of cell differentiation in tomato fruit and their regulation.
RESULTS

Tomato ESTs from Early Developing Tomato Fruit
In order to increase the number of tomato fruit ESTs for studying early fruit growth, we constructed three cDNA libraries from whole cherry tomato fruit (cv WVa106) at selected stages of early fruit development: 8 DPA (tissue differentiation), 12 DPA (cell expansion), and 15 DPA (cell expansion and synthesis of storage compounds). The use of developing cherry tomato fruit, which contains a high proportion of locular tissue with large cells (Joubès et al., 1999) , allowed the preferential isolation of cell expansion-related genes. A total of 1,248 cDNA clones was randomly selected for single-pass sequencing, and 1,089 individual 5#-ESTs (423 from 8 DPA, 340 for 12 DPA, and 326 for 15 DPA) were retained after elimination of poor quality sequence data (average sequence length of 658 bp). Of these, 265 ESTs were classified in 99 consensus and 824 ESTs were classified as singletons. Only seven consensus included more than five EST sequences, and the calculated EST redundancy (number of ESTs included in consensus/total number of ESTs) was 24.3%. This analysis allowed us to build a nonredundant set of ESTs for each library, containing 387 ESTs for 8 DPA, 311 ESTs for 12 DPA, and 296 ESTs for 15 DPA, and a global nonredundant set of 923 sequences. The EST sequences, available as supplemental data, have been deposited in the EMBL database and have been integrated into the Sol Genomics Network (SGN) and The Institute for Genomic Research (TIGR) tomato EST databases.
An analysis of sequence similarities was performed by searching available databases, including the tomato EST databases, Swiss-Prot, TrEMBL, EMBL, and dbEST (data not shown). A putative function could be assigned to ,60% of the sequences. Fifteen to nineteen percent of the ESTs shared significant similarity to genes with unknown function. In addition, 11% to 16% of the ESTs matched with hypothetical proteins deduced essentially from Arabidopsis genomic sequences, thus validating their annotation as coding regions. The proportion of ESTs presenting no significant homology with known sequences was strikingly different between the cDNA libraries: 21.5% in the 8 DPA library, 10% in the 12 DPA library, and 4% in the 15 DPA library (data not shown). The comparison of our data with tomato EST resources emphasized the strong proportion of new tomato ESTs present in our cDNA libraries, which ranged from 34.6% in 8 DPA to 12.9% in 15 DPA fruit libraries.
Few Fruit-Specific Genes Are Expressed during the Early Stages of Fruit Development
How the fleshy fruit trait is acquired by the fruit is an intriguing question. One possibility is that it depends on the specific expression in the early developing fruit of a number of genes with functions specific to fleshy fruit development. Alternatively, it may depend on the coordinated regulation in the fruit of genes already expressed in other organs, where they function in related developmental programs, such as cell elongation. To address this question, we performed comparative expression profiling of developing fruit (8 and 15 DPA) and other plant tissues (developing seed, leaf, and root) using tomato cDNA microarrays that we designed for studying early tomato fruit development. The microarrays were generated from (1) the nonredundant ESTs (923) from the three fruit cDNA libraries, (2) cDNAs (165) preferentially expressed in various phases of early fruit development and previously isolated in our laboratory (Lemaire-Chamley et al., 2000) , and (3) cDNAs (303) selected from tomato EST databases according to their putative role in early fruit development and in fruit quality. These mainly included genes involved in sugar and organic acid transport and metabolism (Causse et al., 2004) , in hormonal regulation, and in other developmental processes.
The comparison of 8-DPA fruit, seed, leaf, and root to 15-DPA fruit (see experimental design in Fig. 1 ) allowed the detection of 925 clones showing a significant (P value , 0.005) variation of expression (see supplemental data for the list of clones, raw data, and detailed analyses). Among them, 850 clones displayed a signal value (normalized intensity) higher than the cutoff value (see ''Materials and Methods''). Among the 607 transcripts expressed in the fruit, 63 transcripts could be considered as fruit specific since they were not detected (normalized intensity , cutoff value) in other plant organs analyzed. Almost 50% of them encode proteins with unknown functions. However, close examination of the corresponding ESTs and expression profiles in the SGN and TIGR databases indicates that most of the transcripts considered as fruit specific according to our analyses are actually also expressed in other plant tissues not included in our study (e.g. flower bud and trichomes). As shown in Figure 2 , RT-PCR analysis of 14 genes selected according to their microarray expression profiles and putative functions in fruit development (hormonal signaling and cell growth processes) confirmed the reliability of the microarray results. Most of the selected genes display a distinct temporal expression consistent with the succession of the different phases of fruit development (Gillaspy et al., 1993) . Particularly evident is the transition between 8 and 15 DPA (see 8 and 15 DPA data in Fig. 2) , which corresponds to the shift from cell division to cell expansion in most fruit tissues in the WVa106 cultivar (Joubès et al., 1999) .
We then performed a hierarchical cluster analysis of all the transcripts expressed in the fruit (Fig. 3A) . Figure 3B shows examples of groups of genes showing similar expression profiles in the different plant organs, e.g. Groups Ia and Ib that include genes upregulated in fruit and roots and Groups IIa and IIb that include genes up-regulated in fruit and leaves. An appreciable proportion (30% to 40%) of the genes found in these groups encodes proteins with unknown functions. Genes with annotated functions fall into functional categories that are different according to the clustering group. For example, the 78 fruit-and rootpreferentially expressed genes included in Groups Ia and Ib encode mostly proteins with functions related to growth processes, such as sugar transport and utilization, water transport, and cell wall synthesis and modification (data not shown). In contrast, the 67 genes found in Groups IIa and IIb encode proteins related to photosynthesis and metabolism that are mostly expressed in the leaf and, to a much lower extent, in the fruit. Close examination of the RT-PCR expression profiles of selected genes in fruit and different plant organs (Fig. 2) indicates that many transcripts analyzed are indeed detected in fruit but also in seed, root, young leaf, or mature leaf, confirming microarray results. Since gene-specific primers were used for RT-PCR, these experiments further indicate that cross-hybridizations between different members of multigene families, always possible with cDNA microarrays, cannot explain the large number of genes found to be expressed in both fruit and other plant organs. Thus, these results suggest that the acquisition of the fleshy fruit trait in tomato depends on the tight regulation during fruit development of the expression (timing, intensity, and spatial localization) of a set of genes that are also expressed in other plant organs. RT-PCR analyses of developing fruit confirm microarray data. The expression of 14 genes preferentially expressed in 8-DPA fruit, in 15-DPA fruit, or at both stages of fruit development, according to the microarray data, was assayed in developing fruit by semiquantitative RT-PCR using gene-specific primers. Total RNA was isolated from fruits harvested at different developmental stages (anthesis [A], 3, 6, 8, 15, 20, and 25 DPA; mature green [MG] , orange [Or] , and red ripe [RR] ) and from seed (S), root (R), young leaf (YL), and mature leaf (ML). LeActin (U60480) was used as a control. C2, PCR-negative control without added DNA; C1, PCR-positive control using purified cDNA insert.
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Since there are considerable variations in cell size, water, sugar, and organic acid accumulations within the fruit during the cell expansion phase (Baxter et al., 2005) , most of the genes involved in the acquisition of the fleshy fruit trait should also exhibit a differential expression in the various fruit tissues. Therefore, we compared the gene expression profiles of two fruit tissues ( Fig. 1) : exocarp (mostly dividing cells) and locular tissue (large cells). For this study, we used Ferum, a tomato cultivar with medium sized fruits and thick pericarp that allows easy tissue dissection, rather than the cherry tomato fruit with its thin pericarp used above. As shown in Figure 4 , the growing fruit is indeed constituted of distinct tissues. At 6 DPA, cell size is uniform in the various fruit tissues, since fruit growth is driven by cell division at this stage (Varga and Bruinsma, 1986; Gillaspy et al., 1993; Joubès et al., 1999) . Later, during the cell expansion phase, i.e. from approximately 10 to 40 DPA in the Ferum cultivar shown, the cell fate differs depending on the fruit tissue. By 12 DPA and later, epidermal cells and outer pericarp cell layers close to the epidermis (exocarp) are still dividing, thus generating additional cell layers for fruit growth. Meanwhile, adjacent mesocarp cells enlarge considerably, to reach .500-mm length in 25-DPA fruit. As a consequence, from 6 to 25 DPA, the number of cell layers in the pericarp increases from 20 to 30, and the mean cell size increases from 14 to 250 mm in diameter (data not shown). In the inner parts of the fruit, tissue specialization is also apparent in the columella and in the locular tissue or gel, which originates from the placenta and fills the locule. The locular tissue, which differentiates early during fruit development, is composed of distinctly shaped, thin-walled, and highly vacuolated cells, which are very different from the small, dividing cells of the exocarp (Fig. 4) .
Among the 1,391 transcripts analyzed, 419 showed both significant variation of expression (P value , 0.005) in the exocarp and locular tissue (four independent slide hybridizations, including two dye-swaps and two replicates per slide; Fig. 1 ) and signal values . cutoff value. We selected 168 genes preferentially expressed in the exocarp and 129 in the locular tissue by using P , 0.005 and mean ratio . 1.6 as thresholds (Tables I  and II) . Many of these genes (up to 36% in the locular tissue) encode proteins with unknown functions or, alternatively, present no homology with known genes. Our findings correlate well for the few genes or enzymatic activities previously studied in the developing fruit (Laval-Martin et al., 1977; Schaffer and Petreikov, 1997; Rebers et al., 1999; RodriguezConception and Gruissem, 1999; Joubès et al., 2000; Lemaire-Chamley et al., 2000; Muir et al., 2001; Guillet et al., 2002; Busi et al., 2003; Obiadalla-ali et al., 2004) . Interestingly, the repartition of the known genes into the different functional categories is very different between the exocarp and the locular tissue. Some categories are overrepresented in one or the other tissue (e.g. cell-wall-related genes in the exocarp and photosynthesis-related genes in the locular tissue), reflecting tissue specialization in the expanding fruit. The putative roles in the developing fruit of the proteins encoded by the genes identified here will be addressed more thoroughly in the discussion. To gain additional information on the tissue specificity of the genes detected by microarray analysis (Tables I and II) , we performed RT-PCR analyses on 21 genes preferentially expressed in exocarp (7 genes) or in locular tissue (14 genes). The RT-PCR analyses confirmed the preferential expression of the selected genes in the exocarp (Fig. 5B ) or in the locular tissue (Fig. 5C ). Few genes are specifically expressed in a single tissue (e.g. the nonspecific transfer protein; Fig.   5B ). In contrast, the detailed analysis in the different fruit tissues (exocarp, mesocarp, columella, locular tissue, and seeds) of several genes fulfilling different functions in the fruit (e.g. water transport for g-tonoplast intrinsic protein [TIP] , hormone synthesis for GA 20 oxidase, or transcriptional regulation for leucine zipper protein) indicates that most of the genes selected from the locular tissue (Fig. 5C ) follow a gradient of expression from the central part of the fruit (columella and locular tissue) to the outer part of the fruit (exocarp). Another interesting feature is that most of the genes analyzed also showed strong expression in the developing seed, suggesting common developmental programs between developing seed and fleshy parts of the developing fruit.
DISCUSSION
To date, studies on tomato fruit development have focused primarily on the ripening process (for review, see Giovannoni, 2001 Giovannoni, , 2004 Seymour et al., 2002) , and few genes from early developing fruit have been studied until now. Early fruit growth conforms to a complex developmental program that involves cell division followed by cell expansion (Gillaspy et al., 1993) . Functionally distinct tissues, each exhibiting a specific pattern of development, are apparent in the developing tomato fruit after 6 to 10 DPA (e.g. locular, mesocarp, or columella tissues; Fig. 4 ). While some tissues are differentiating (e.g. locular tissue), others (e.g. exocarp) retain mitotic activity late during fruit development (Joubès et al., 1999; Cong et al., 2002) . The relative development of the various fruit tissues will affect both fruit size and anatomy but also fruit quality. Our aim was to identify genes linked with the differentiation of specialized tissues in early developing tomato fruit through global analysis of gene expression. These data will help in elucidating the molecular mechanisms underlying fleshy fruit development and their regulation.
Identification of Novel Genes Associated with the Early Stages of Fruit Development in Tomato
Our present data indicate that the sequencing of new fruit cDNA libraries targeted to specific stages of early fruit development (8-, 12-, and 15-DPA fruit) may reveal new tomato genes not present in EST databases and a whole range of new functions not previously described in the developing fruit. The higher proportion of genes with no known functions is found in the 8-DPA cherry tomato fruit library (Fig. 4) , suggesting that future studies on early tomato fruit development should preferentially focus on this stage, which is concomitant with the transition from cell division to cell expansion in most tomato fruit tissues ( Fig. 4 ; Joubès et al., 1999) . However, the most important finding is perhaps that the comparative transcriptome analyses of developing fruit and of other tomato organs failed to identify large sets of genes specifically expressed in the fruit. Instead, the majority of the growing fruit-related genes are also expressed in additional organs (Fig. 3) , reflecting either ontogenic relationships (e.g. between fruit and leaf; see Gillaspy et al., 1993) or processes common to fruit and other organs (e.g. cell division and cell elongation in fruit and roots). One likely explanation is that the acquisition of specialized functions in fleshy fruit cells is achieved through the coordinated temporal and spatial expression in the distinct fruit tissues of genes that also participate in other developmental programs and in other plant tissues.
Cellular Processes and Metabolic Pathways in the Exocarp from Developing Tomato Fruit
The sample referred to as exocarp in this study (Fig.  4) is composed of the skin and of several additional layers of outer pericarp cells that include mitotically active cells and enlarging cells (Joubès et al., 2000) . The skin comprises the cuticle, one epidermal cell layer, Mean ratio of the normalized data between exocarp (E) and locular tissue (L).
e Probability of the t test.
Differential Gene Expression in Growing Tomato Fruit Tissues
Plant Physiology and about four subepidermal layers of small thickwalled cells with few chloroplasts. Genes preferentially expressed in the exocarp (Table I ) encode a wide range of proteins, reflecting the complexity of this tissue. However, as summarized in Figure 6A , two broad categories based on the biological functions of exocarp in the fruit can be defined.
Fruit Protection
This category includes proteins possibly involved in the formation of the skin, which provides a physical barrier to the fruit. Among them are lipid transfer proteins with suggested roles in transfer of wax or cutin monomers to the cuticle (Kader, 1996) and various cell-wall-related proteins that can participate in the thickening of subepidermal cell walls. Other exocarp-expressed proteins can be involved in fruit defense against pathogens (glucanase and chitinase) or in stress tolerance (UV radiation and heat). These include key enzymes required for the synthesis of flavonoids (Phe ammonia-lyase, flavanone hydroxylase, and flavonol synthase; Muir et al., 2001 ) and of ascorbic acid (GDP Man pyrophosphorylase; Smirnoff 
Fruit Growth
The second category contains genes encoding proteins required for sustaining the growth of the dividing and enlarging cells of the exocarp. Among them are cell-wall-related proteins involved in polysaccharide synthesis and modifications (pectate lyase, pectinesterase, endo-b-1,4 glucanase [EGase], and polygalacturonase inhibitor), cell wall structure (PRP and extensin), cell adhesion (FLA; Johnson et al., 2003) , and cell wall relaxation (expansins; Cosgrove, 1997) . In particular, EGase and expansin are cell wall loosening factors expressed during the stages of highest growth in the expanding tomato fruit (Catala et al., 2000) , where they are presumed to allow fruit growth by modifying epidermal cell wall properties, as previously suggested for xyloglucan endotransglycosylase (Thompson et al., 1998) . GAST1, another putative cell wall protein of unknown function expressed in the exocarp (Table I; Fig. 5B ), belongs to a family of GAinducible genes functioning in cell expansion mechanisms necessary for the regulation of cell and organ shape in Gerbera hybrida flower (Kotilainen et al., 1999) . Consistent with the growth activity of the exocarp, sugar transport proteins (Suc transporter and hexose transporters), Suc synthase, and various glycolytic enzymes (Table I ; Fig. 5B ) are highly expressed in this tissue. Indeed, high sugar import and metabolic activities are necessary to support the strong utilization sink activity of the young growing fruit (Ho, 1996; Barker et al., 2000; Koch, 2004) . In addition, Suc synthase may also act as a metabolic channel for cell wall synthesis (Cosgrove, 1997) , together with its role in symplastic unloading of sugar in the young developing fruit (Nguyen-Quoc and Foyer, 2001 ).
Regulation of Exocarp-Expressed Genes
Besides sugars, auxin, and gibberellins, which are known regulators of sugar-and cell-growth-related genes such as expansin, EGase, and GAST1 (Kotilainen et al., 1999; Catala et al., 2000) , other phytohormones may also serve as signaling molecules in the developing exocarp tissue (Gillaspy et al., 1993) . As shown in Table  I , several enzymes involved in the synthesis of ethylene or polyamines (SAM synthetase, ACC oxidase, and Arg decarboxylase) and jasmonic acid (12-oxophytodienoate reductase) are indeed expressed in the exocarp, and at least two proteins, EREBP-3 (Leubner-Metzger et al., 1998) and JERF1 (Zhang et al., 2004) , are ethyleneresponsive transcription factors that may participate in the regulation of stress tolerance and fruit growth (Jones et al., 2002; Balbi and Lomax, 2003) . In addition, a wide range of regulatory proteins can modulate gene expression in the exocarp from growing fruit (Table I) . They include transcription factors controlling flower and fruit development, such as TDR6 (Busi et al., 2003; Favaro et al., 2003; Giovannoni, 2004) , various WRKY-DNA binding proteins belonging to a large group of zinc-finger proteins implicated primarily in defense responses but also in plant development (Eulgem et al., 2000) , and 14-3-3 proteins that function in regulation of carbon metabolism and in signaling for plant defense and development (Roberts, 2003) .
Molecular Mechanisms in the Differentiating Locular Tissue
The ontogenic origin of the locular cells remains unclear since they differentiate from a central axial placenta, to which the seeds are attached and which is formed by the fusion of the carpels with a column extending from the central part of the floral meristem (Gasser and Robinson-Beers, 1993) . As shown in Figure 4 , locular tissue is homogeneous and is composed of thin-walled and highly vacuolated cells undergoing cell expansion in the young growing fruit (Fig. 4) , concomitant with DNA endoreduplication (Joubès et al., 1999) . Its physiological functions in the fruit, if any, are not obvious. However, locular tissue constitutes a well-defined model for studying cell expansion and its regulation in the fruit, a process crucial for the acquisition of the fleshy fruit trait. Gene expression profiling of locular tissue (Table II) allowed the identification of major functional categories of genes underlying the molecular mechanisms involved in locular tissue differentiation (summarized in Fig. 6B ).
Cell Expansion
Cell enlargement depends on both cell wall loosening and increase in turgor pressure (Cosgrove, 1997) , which is itself driven by osmolyte (sugars, organic acids, and K
1
) and water accumulation inside the vacuole of fruit cells. Several genes expressed in locular tissue (Table  II) encode known proteins controlling the flux of water from the symplast and across the vacuolar membrane (the plasma membrane intrinsic protein [PIP] and TIP aquaporins; Maurel and Chrispeels, 2001; Ozga et al., 2002) , the accumulation of soluble sugars in the vacuole (the vacuolar invertase that is controlled by the vacuolar processing enzyme VPEg, targeting to the vacuole, and the invertase inhibitor; Koch, 2004) , and the accumulation of organic acids (citric and malic acids) used as counterions in the expanding vacuoles (the phosphoenolpyruvate carboxylase that controls a key step in organic acid synthesis and the zinc-finger homeodomain transcription factor, a putative regulator of its expression; Windhovel et al., 2001; Guillet et al., 2002) . More complex roles may be fulfilled by TRAMP, a fruit-expressed PIP found in the locular tissue, since its inhibition by antisense technology altered the organic-acid-to-sugar ratio in the fruit (Chen et al., 2001) . Interestingly, detailed analysis of the distribution of locular tissue-expressed genes in the different fruit tissues indicates that, in most cases, genes controlling the cell expansion process (gTIP and PRP) or its regulation (hormone synthesis, signaling, and response) are expressed along a gradient from the inner part to the outer part of the fruit (Fig. 5C ). These results are consistent with the existence of a gradient in cell size observed in the distinct tissues of the expanding fruit (Fig. 4) .
Photosynthesis
A surprisingly high number of genes found in the locular tissue (15) are related to chloroplastic functions (Table II) . The locular tissue is indeed capable of photosynthetic activity (Laval-Martin et al., 1977) and shows high promoter activity of Rubisco genes (Meier et al., 1995) , despite its localization in locules surrounded by carpel walls (Fig. 4) . One possible explanation is that the CO 2 arising from fruit respiration, which may account for as much as 25% of the imported carbon in the growing fruit (Ho, 1996) , is retained by the cuticle barrier and is recaptured in the central part of the fruit via photosynthesis or via dark fixation with PEP carboxylase. In contrast, the exocarp tissue, which is localized on the external side of the fruit and corresponds to the abaxial side of the leaf, is poor in chloroplasts (Gillaspy et al., 1993) , which may explain the stronger expression of photosynthesis-related genes in the locular tissue.
Is Locular Tissue Differentiation and Development
Controlled by Auxins and Gibberellins? and previously shown to control early fruit growth (Gillaspy et al., 1993; Rodriguez-Conception and Gruissem, 1999) , key candidate genes functioning in auxin synthesis (indole-3-acetic acid [IAA] amidohydrolases), transport (PIN7-like protein), and responses (auxin-repressed protein, Aux-IAA protein, and AXR1) showed a preferential expression in locular tissue. Some other candidate genes encoding proteins with roles in auxin perception and signaling (RCE1, ARF, and FIN219), not included in Table II (P value . 0.005), could also play a role in locular tissue (expression ratio .1.6). The use of more sensitive analytical tools, such as RT-PCR, may confirm their differential expression in the locular tissue, as was done for FIN219, which links auxin to light regulation (Hsieh et al., 2000; Fig. 5C) .
The role of auxins in early fruit growth, known for a long time (see Varga and Bruinsma, 1986) , has been emphasized by recent studies on growing tomato fruit (Bohner and Bangerth, 1988; Catala et al., 2000) , tomato mutants (diageotropica; Balbi and Lomax, 2003) , and transgenic lines altered for auxin biosynthesis or signaling genes (Pandolfini et al., 2002; Carmi et al., 2003) . In particular, auxin signaling appears as a prerequisite for the development of the locular tissue and for the enlargement of the locular cells. According to our gene expression data (Table II; Fig. 5C ), in agreement with the established notion that auxins produced by the seeds and/or surrounding fruit tissues are released to trigger or accelerate fruit growth by cell expansion (see Gillaspy et al., 1993) , the following picture can be drawn (Fig. 6B) . Free IAA hydrolyzed from its conjugates by IAA amino acid hydrolase in the central parts of tomato fruit (seeds and/or locules) could in turn activate and coordinate the expression of cell-expansion-related proteins, such as aquaporins, vacuolar invertase, and PEP carboxylase, thus enabling cell enlargement in locular tissue. The auxintransport protein (PIN7-like) could well play a crucial role in the differentiation of the locular tissue, and more largely in fruit morphogenesis, by establishing auxin gradients in the fruit tissues (Benkova et al., 2003) . Several putative transcription factors expressed in the locular tissue, including Aux/IAA proteins (Jones et al., 2002) or bZIP DNA-binding proteins (Strathmann et al., 2001; Heinekamp et al., 2004) , may link hormonal signals by auxin or other phytohormones (Jones et al., 2002; Balbi and Lomax, 2003) to cell growth. Cross-talk between auxins, gibberellins, and cytokinins for the stimulation of cell growth, already demonstrated in developing pea (Pisum sativum) fruit for auxin and gibberellin (Ozga et al., 2002 (Ozga et al., , 2003 , is also likely to occur in developing tomato locules where GA 20 oxidase (gibberellin synthesis), SPINDLY GA response inhibitor, and zeatin O-glucosyltransferase (cytokinin biosynthesis) are also expressed (Table II; Rebers et al., 1999) .
In conclusion, transcriptome analysis of early developmental stages and of distinct fruit tissues allowed the identification of new candidate genes controlling early fruit development and provided new insights into the mechanisms involved in the acquisition of the fleshy fruit trait in tomato. Future studies using new generations of tomato microarrays generated from the nonredundant tomato EST collections (Giovannoni, 2004) and focused on specific fruit tissues, or even single fruit cells, should allow more comprehensive analysis of the mechanisms and regulations controlling fleshy fruit development.
MATERIALS AND METHODS
Plant Material and RNA Isolation
Tomato (Solanum lycopersicum) plants were grown either in a growth chamber (cherry tomato, cv West Virginia 106) with a 15-h-day (25°C)/9-hnight (20°C) cycle with an irradiance of 400 mmol m 22 s 21 and 75% to 80% humidity or in a greenhouse during the spring season (medium-sized tomato, cv Ferum). Whole fruits (8 and 15 DPA), seeds (15 DPA), young leaves, and roots were collected from WVa106 cultivar. Fruit tissues (exocarp including epiderm and outer pericarp cell layers, mesocarp 1 endocarp, locular tissue, columella, and seeds) were collected from Ferum cultivar (22-DPA fruit). Individual flowers were tagged on the day of anthesis (flower opening). The fruits were further selected according to size and/or color and collected at the indicated times (expressed in DPA). All plant materials were frozen in liquid nitrogen and stored at 280°C until use. Samples were composed of at least 6 to 100 fruit or flowers according to the developmental stages and the tissues analyzed. Total RNA was isolated as described previously (Lemaire-Chamley et al., 2000) , then treated with RNase-free DNase (RQ1; Promega) for 15 min at 37°C, extracted with phenol:chloroform (1:1) and chloroform, precipitated with ethanol, and finally resuspended in diethyl pyrocarbonate-treated water. For microarray probe synthesis, total RNA quality was further checked using Agilent Microchips (Agilent Bionalyzer 2100). Poly(A) 1 mRNAs were isolated using the Oligotex Midi kit (Qiagen) according to the manufacturer's instructions.
cDNA Library Construction and Sequence Analysis
Three cDNA libraries were constructed from WVa106 cherry tomato fruits at 8 (Le08), 12 (Le12), and 15 (Le15) DPA using the l UniZap cDNA library construction kit (Stratagene), which allows directional cloning between the EcoRI and XhoI sites of pBluescript. A total of 1,248 randomly selected cDNA clones were sequenced from the 5# end. After vector clipping and sequence trimming (Ewing et al., 1998) , clustering and assembly of the sequences were achieved to provide a nonredundant set of ESTs using StackPack v2.2 (Miller et al., 1999) . The resulting consensus and singleton sequences were sequentially compared to the Swiss-Prot database, TrEMBL, EMBL, and dbEST using the appropriate BLAST programs as described hereafter. Sequences showing a hit with E value , 10 220 with a sequence present in the first database (SwissProt) were retrieved, visually inspected, and assigned a putative function if (1) the entire EST sequence showed an E value , 10 250 or if (2) the sequence
showed an E value , 10 220 with a lack of homology in the 3# or 5# ends of the sequence, which was considered as indicative of the presence of 3# or 5# untranslated regions in these regions. The same flowchart was applied to the remaining sequences with the next database (i.e. TrEMBL) and so on. In parallel, consensus and singleton sequences were systematically compared to the tomato TIGR EST database (http://www.tigr.org) and to SGN database (http://www.sgn.cornell.edu). Functional categories were assigned following the MIPS (http://mips.gsf.de/) role characterization. The EST sequences have been deposited in the EMBL database and in the SGN tomato EST database (http://www.sgn.cornell.edu/). Clones are available by request to the authors.
Microarray Design and Construction
The expanding fruit tomato cDNA microarray was produced using 923 nonredundant cDNAs from Le08, Le12, and Le15 libraries, 165 cDNAs related to early fruit development previously isolated in our group (LemaireChamley et al., 2000) , and 305 cDNAs involved in a range of growth-related 
Preparation of Labeled cDNA Probes
mRNA [1 mg poly(A)
1 mRNA] was reverse transcribed using 400 units of Superscript II reverse transcriptase (Life Technologies) in the presence of aminoallyl-dUTP (100 mM), 2 mg oligo(dT)21-mer, 2 mg random hexamer (Promega), 250 mM each dATP, dCTP, and dGTP, 150 mM dTTP, 15 units RNasin (Promega), and 10 mM dithiothreitol in the provided buffer (final volume 30 mL). After incubation at 42°C for 90 min, 400 units of Superscript II reverse transcriptase were added, and incubation was continued for 90 min at 42°C. Sample tubes were treated with 0.25 N NaOH, incubated 10 min at 70°C, and neutralized by addition of HCl (0.25 N). Aminoallyl-labeled cDNA was ethanol-precipitated overnight at 220°C in the presence of glycogen (20 mg). After centrifugation, the pellet was rinsed with 70% ethanol, air dried, and resuspended in 10 mL NaHCO 3 , pH 9.3. Post-labeling was performed by incubation of the aminoallyl cDNA 90 min in the dark at room temperature after addition of the 3# Cy3 N-hydroxysuccinimide ester (Cy3) or 3# Cy5 N-hydroxysuccinimide ester (Cy5) resuspended in dimethyl sulfoxide (10 mL). Cy dye-labeled cDNA was purified using a Qiaquick PCR purification kit (Qiagen) according to the manufacturer's instructions. Each sample was concentrated on Microcon YM-30 columns (Amicon Bioseparations, Millipore) and quantified by spectrophotometry.
Microarray Hybridization and Data Acquisition
Slides were prehybridized in the hybridization solution containing 1:1 (v/v) formamide (5 3 SSC, 0.25% SDS and 53 Denhardt's solution, with 1 mg mL 21 denaturated salmon sperm DNA [Stratagene] during 2 h at 42°C) then washed sequentially in water and isopropanol and dried by centrifugation at 450g for 1 min. A gene frame (ABgene; Epsom) was applied around the spotted area and closed by a coverslip. The pooled Cy3-and Cy5-labeled cDNAs were mixed with 75 mL of hybridization solution and 0.5 mg mL 21 denaturated salmon sperm DNA. The probe solution was boiled for 1 min and injected into the frame. Slides were incubated at 42°C for 16 h in a glass beaker placed in a water bath, then washed sequentially at room temperature in 13 SSC, 0.1% SDS for 5 min, 0.13 SSC, 0.1% SDS for 5 min, and 0.13 SSC for 1 min. Slides were dried by centrifugation at 450g for 3 min. Microarray slides were then scanned with a Genepix 4000 B fluorescence reader (Axon Instruments) using Genepix 3.0 image acquisition software with photomultiplier tube voltage adjusted to 620 V for Cy3 and 700 V for Cy5. Each of the microarray experiments was performed in duplicate with the dyes reversed (i.e. four slides or eight subarrays per experiment). All slides were visually inspected and nonhomogeneous and aberrant spots were flagged.
Statistical Analysis
Raw data, corresponding to the median spot intensities with no background substraction, were submitted to R/MAANOVA v0.91 to 3 software (R package for the analysis of microarray) for data visualization, preprocessing, normalization, and statistical analysis. Raw data were transformed using an intensity-based LOWESS function (using a smoother span of 20%). After visual validation of the preprocessing step on ratio versus intensity plot for each slide, data were submitted to a two-stage ANOVA (Wolfinger et al., 2001) . Replicates were averaged, and variance of systematic effects was evaluated by the normalization ANOVA with the following model: y gi,jk 5 m 1 A i 1 D j 1 e gijk , where y gi,jk is the base-2 logarithm of measurement from gene g, m is the overall mean signal, A i is the main effect for arrays, D j is the main effect for dyes, and e is the error. Normalized values for each gene (y gi,jk corrected by the substraction of the fitted values for the main effects A i 1 D j ) were used as input for the gene by gene model: r gijk 5 G g 1 (GA) gi 1 (GD) gj 1 (GS) gk 1 e gijk . For each gene, differences between the gene-specific sample effects (GS) gk were tested using F-tests. Corresponding P values are based upon the hybrid test (F 2 ) of R/MAANOVA v0.91 to 3 that uses a combination of global and gene-specific variance estimates in the denominator of the statistics. To avoid distributional assumptions, the F-test was performed with restricted residual shuffling and 1,000 iterations. The calculated P values were adjusted with the linear step-up procedure included in R/MAANOVA in order to take into account the false discovery rate. In an additional step, the mean and SD of the normalized values of the negative controls were calculated, and the genes whose normalized values were less than mean plus 2 SD of negative controls (cutoff value) for all tissue or organ comparisons were excluded from further analysis. Expression profile data clustering was done on the log2-based relative expression values of the genes (available online at http://cbi.labri.fr/outils/data/Tomato/Sup_Tomato. html) using EPCLUST (http://ep.ebi.ac.uk/EP/EPCLUST/) with the correlation-based distance measure and the average linkage clustering method. The relative expression value represents the expression level of a gene g in a sample k relative to the weighted average expression of that gene over all of the samples in the experiment, as described by Wu et al. (2003) .
RT-PCR Analyses
For the RT-PCR experiments, 2 mg of DNase-treated total RNA were denatured and reverse transcribed using 0.5 mM oligo(dT) 20 to prime the reaction. The RT product was diluted 10-fold in water, and aliquots of 4 mL were used in PCR reactions (40 mL final volume) in the presence of 0.4 mM clone-specific primers. The primers used for the 24 clones tested are presented as supplemental data online (primer table). Tomato actin (accession no. U60480) was used as a constitutive control. PCR reaction parameters were as follows: 5 min at 95°C, 20 cycles of 30 s at 95°C, 45 s at 60°C, and 45 s at 72°C, and 5 min at 72°C. The PCR products (10 mL) were separated by electrophoresis on a 1% (w/v) agarose 1 3 Tris-acetate EDTA gel. After denaturation with 0.4 N NaOH, DNA was blotted onto Hybond N 1 membrane (Amersham Biosciences) and hybridized at 65°C with radiolabeled specific probes as described previously (Lemaire-Chamley et al., 2000) .
Cytological Studies
Ovaries at anthesis and fruit samples (6, 12, and 25 DPA) were collected, cut (approximately 0.3-0.6-mm-thick pieces), and immersed in 2.5% (p/v) glutaraldehyde in 100 mM phosphate buffer, pH 7.2, for 3 to 4 h at room temperature under partial vacuum. The samples were rinsed, dehydrated by an ethanol series, and embedded in Technovit 7100 (Kulzer). Sections (3 mm) were obtained with glass knives, stained with 0.04% (p/v) toluidine blue, and photographed on a Zeiss Axiophot microscope with a Spot digital camera (Diagnostic instruments). Measurements were made using Image Pro Plus software (Media Cybernetics).
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers AJ784436 to AJ784774, AJ785005 to AJ785280, AJ785296 to AJ785566, and AJ831846 to AJ832104.
